The morphology of the gut-associated lymphoid tissue of the small and large intestine in three gnotobiotic calves was examined by scanning and transmission electron microscopy, and the distribution of specialized membranous cells present in the follicle associated epithelium was defined. Isolated follicles remaining in the ileum of a cow after involution of the continuous Peyer's patch were examined by scanning electron microscopy. The presence of membrane-bound particles, reported to be exclusively associated with the continuous Peyer's patch, was investigated in other gut-associated tissue of the small and large intestine of the calf.
The gut-associated lymphoid tissue (GALT) in the has been used to describe the specialized cells scattered bovine small intestine consists of 18 to 40 discrete among absorptive enterocytes in the FAE ofthe DPP. Peyer's patches (DPP) located in the duodenum and Specialized cells also occur in the epithelia ofthe tonsils jejunum? and a single continuous Peyer's patch (CPP) and small and large intestines of dogs, hamsters, mice, in the terminal jejunum and ileum; the CCP extends rats, rabbits, and human beings'? and the mammary into the cecum. In the large intestine, DPP are found gland-and lung I of cattle. The surface of M cells is in the cecum.v-" proximal colon, 16, 20 and terminal rec-covered by short, sparse, irregular microvilli and mitum." Solitary lymphoid follicles are found in the ce-crofolds. Typically M cells enfold a group of monocum, colon, and ampulla recti. 16 Involution of the CPP nuclear leukocytes." The FAE of the CPP consists of commences soon after birth, and only isolated follicles a homogeneous population of specialized cells with a remain in adult cattle." Identical changes occur in surface of centrally placed, short, sparse microvilli or sheep," and, in that species, the CPP has been pro-microfolds, and peripheral concentric folds. posed as a structure equivalent to the avian bursa of In the bovine large intestine there are Peyer's patches Fabricius," the site of primary generation ofB-cells in in the cecum and proximal colon and isolated propria ruminants.
nodules in the remaining colon. The Peyer's patches Peyer's patches are composed of follicles containing of the large intestine consist oflymphoglandular com-B cells and interfollicular areas containing T cells. In plexes and propria nodules. The former may extend the small intestine, each follicle extends into a domed into the sub-mucosa, while the latter occur predomiregion, the dome villus, that is covered by a specialized nantly in the lamina propria'<" and form domed areas epithelium -the follicle associated epithelium (FAE).18 on the mucosal surface. The FAE in both areas is de-Dome villi are present between normal absorptive vil-void of goblet cells; FAE of the domed areas is comli. The FAE of the DPP and CPP are devoid of goblet posed of a homogeneous population of cells similar to cells. In ruminants, significant differences have been the M cells found in the small intestine of calves, 17 reported between specialized cells in the FAE of the while in the lymphoglandular complexes, the FAE is DPP and CPP.14 The term membranous cell (M cell) composed ofM cells scattered among other cell types. 17 Particles with a diameter of 50 nm have been noted, apparently shed from the surface of the FAE of the CPP.14.15 The particles were found in goats, calves, and pre-and post-natal lambs." Studies have identified carbonic anhydrase as a marker for these particles and demonstrated their presence in the center offollicles. 15 This paper compares the FAE of GALT in the large intestine with the FAE of GALT in the small intestine of gnotobiotic calves. The FAE covering the isolated follicles, which remain in adult cattle after involution of the CPP, is compared with the FAE covering the CPP of calves. Particles similar to those described by Landsverk'"-" were detected in discrete patches in the jejunum, ileum, and colon.
Materials and Methods

Animals and tissues
Samples of intestine were removed under pentabarbitone sodium anaesthesia (Sagatal, May & Baker, England) from three 13-to 17-day-old gnotobiotic calves-" and from one cow. Calf Nos. I and 2 were germ-free, and calf No.3 was contaminated with Bacillus sp. Lengths of ligated intestine were infused with 0.1 M phosphate buffered 3% glutaraldehyde (pH 7.3). Animals were euthanatized by a lethal dose of anesthetic, and the ligated lengths of intestine were removed and immersed in fixative," 0.1 M phosphate buffered 3% glutaraldehyde (pH 7.3).
In calf Nos. 1-3, lengths of small intestine containing lymphoid tissue were ligated at five sites: upper, mid-, and lower jejunum, at the proximal limit of the continuous Peyer's patch (CPP) in the ileum and the ileum adjacent to the ileocecaljunction. The length ofthe small intestine was estimated by measuring the inter-site lengths, and the precise position of each site was expressed as a percentage of the length of the small intestine (Table I) . Lengths of large intestine containing lymphoid tissue were ligated at four sites: Site 1 = proximal colon adjacent to the junction with the cecum in calf Nos. 1-3; Site 2 = the proximal end of the centripetal coil in calf Nos. I and 3; Site 3 = at the junction of the centripetal and centrifugal coils; and Site 4 = at the distal end of the centrifugal coil in calf Nos. I and 2 (Table I) .
In the cow, a length of small intestine was ligated in the ileum adjacent to the ileocecal junction.
Electron microscopy
After immersion in the 3% glutaraldehyde for 2 hours, two 0.5 em-blocks containing lymphoid tissue were taken from each loop for scanning electron microscopy (Table I) . For transmission electron microscopy, a I-mm slice was cut from each of the blocks taken from the small intestine and proximal colon (site I) of calf Nos. 1-3 and proximal colon (site 2) of calf NO.3 (Table I) . The remaining colonic sites were not selected for examination by transmission electron microscopy because of the difficulty of locating the infrequent propria nodules.
Tissue from the small intestine was processed for scanning electron microscopy as previously described." Briefly, tissue was post-fixed in 0.1 M phosphate buffered I% osmium tetroxide and further treated with filtered 1% thiocarbohydrazide and I% aqueous osmium tetroxide. Tissue was dehydrated to acetone, critical point dried, and coated with a thin layer of platinum and examined in a Hitachi S-520 scanning electron microscope (Wokingham, England) at an accelerating voltage of 20 kY. Colonic tissue was processed for scanning electron microscopy as described above, but the thiocarbohydrazide/osmium tetroxide step was omitted. For transmission electron microscopy, six small blocks were cut from each of the I mm slices, post-fixed in 0.1 M phosphate buffered I% osmium tetroxide, and further fixed en bloc with I% aqueous uranyl acetate. Tissues were dehydrated through graded alcohols followed by propylene oxide and embedded in araldite. Sections, I /.tm thick, were cut from each block and stained with 0.1% toluidine blue for examination under a light microscope. Blocks that showed lymphoid areas associated with a dome villus were selected for examination in a Philips 300 transmission electron microscope (Cambridge, England).
Results
Scanning electron microscopy ofgut-associated lymphoid tissue in the small intestine ofall calves revealed leaf-shaped absorptive villi covering the discrete Peyer's patch (DPP) and continuous Peyer's patch (CPP), whereas elsewhere absorptive villi were finger-like. Dome villi were completely obscured by the absorptive villi ofthe DPP, but were visible occasionally between the absorptive villi of the CPP. Absorptive villi appeared shorter towards the distal end of the small intestine, but the height of dome villi was variable.
Discrete Peyer's patch (DPP)
The follicle associated epithelium (FAE) of the DPP was devoid of goblet cells and consisted of membranous cells (M cells) distributed randomly among ab-sorptive enterocytes. The M cells were characterized by irregular, sparse microvilli and microfolds on their luminal surface (Fig. I) . Some M cells were recessed below the surrounding enterocytes, but were still visible, while others were completely hidden by adjacent absorptive cells and could only be identified by characteristic cytoplasmic protrusions (Fig. 2) . These cytoplasmic structures, which lacked organelles or vacuoles, were clearly identified by transmission electron microscopy as extensions of M cell cytoplasm ( Fig. 3) . M cells were seen occasionally enfolding leukocytes. Transmission electron microscopy indicated that M cells were more numerous than had appeared by scanning electron microscopy.
Continuous Peyer's patch (CPP)
The FAE of the CPP of calves lacked goblet cells and absorptive enterocytes. The cells were rounded in all calves, forming deep intercellular crevices at cell junctions (Fig. 4) ; characteristic peripheral folds were hidden. The luminal surface ofthese cells were covered by microfolds; occasionally, cells were seen with short, centrally placed microvilli (Fig. 4 ). In the proximal CPP, some dome villi were covered by a homogeneous layer of specialized cells as described above, while other dome villi were composed of an epithelium of M cells distributed randomly among absorptive entero-cytes, an arrangement seen normally on the dome villi of the OPP.
In the adult, the FAE covering follicles remaining in the ileum after involution of the CPP contained clusters ofspecialized cells distributed at random among absorptive cells. The majority ofthese specialized cells had a microvillus center and peripheral concentric folds (Fig. 5 ). Marked peripheral folds were observed only where the specialized cells were adjacent to each other and not where the lateral borders of specialized cells adjoined absorptive cells.
2S
Colonic Peyer's patch Examination by scanning electron microscopy ofthe aggregated lymphoid tissue ofthe proximal colon, the colonic Peyer's patch of calves, revealed propria nodules covered by a specialized epithelium and openings to deep invaginations into the mucosa (Fig. 6 ). The propria nodules varied in diameter and height in all calves and consisted of a homogeneous population of rounded cells with short microvilli and microfolds ( Fig.  7) . Examination of the FAE of the propria nodules by transmission electron microscopy revealed a homogeneous layer of cells with short, sparse, irregular microvilli on the apical surface; goblet cells were not detected. The epithelium at the base and on the sides of the deep invaginations into the mucosa was examined, and a FAE ofspecialized cells was identified at the base of the invagination covering a protrusion oflymphoid tissue. The FAE contained few goblet cells and was infiltrated with lymphocytes as in the DPP and CPP of the small intestine.
Colonic propria nodules
Propria nodules in the remaining large intestine were associated with single follicles oflymphoid tissue within the mucosa and were covered by specialized epithelium. These were identical to propria nodules seen in the proximal colon and decreased in number towards the rectum.
Membrane-bound particles
Membrane-bound particles, with a mean diameter of 54 nm, were seen by transmission electron microscopy, associated with the specialized cells of the FAE; the core of the particles was either electron opaque or electron dense (Fig. 8 ). Particles were found frequently in close association with large dense bodies and were observed in intracellular vesicles, perinuclear vacuoles (Fig. 9 ), and intercellular spaces (Figs. 8, 10, 11) in the OPP from the mid-and lower jejunum (Fig. 8 ), proximal and distal CPP (Figs, 9, 10) , and proximal colon of calves (Fig. 11 ). Particles were not observed in the OPP in the proximal jejunum. More particles were seen in the CPP and large intestine than in the OPP. 
Discussion
Specialized epithelial cells have been described covering the dome villi of the discrete Peyer's patch (OPP)14,18 and continuous Peyer's patch (CPP).ll,12 These were recognized in this study, but a new observation was that most membranous cells (M cells) on the dome villi of the OPP were hidden between absorptive enterocytes, and their presence could only be detected by cytoplasmic protrusions into the lumen. The cytoplasmic extensions may be a method by which these cells retain contact with the intestinal lumen for the purpose of phagocytosis. Pseudopodia formation, through which phagocytosis occurs, has been observed in epithelial cells of the bovine mammary gland,' and male and female reproductive tracts of the rat, 10 mouse,' and rabbit."
Differences between the epithelium of dome villi in the OPP and CPP have been described. 14 The present investigation of the proximal CPP has revealed, however, that the dome epithelium was entirely ofthe OPP type on some domes and of the CPP type epithelia on others. Landsverk!' investigated the proximal, middle, Fig. 5 . Scanning electron micrograph. Ileum; cow. Note dome villus (arrowhead). Bar = 100 !Lm. Inset: Follicle associated epithelium of the domed villus; note the absence of peripheral folds where specialized cells adjoin absorptive enterocytes (arrow). Bar = 2 !Lm. Fig. 6 . Scanning electron micrograph. Proximal colon; gnotobiotic calf No. 2. Note domes (arrowheads) and an opening to a deep invagination (arrow). Bar = 200 !Lm. Fig. 7 . Scanning electron micrograph. Proximal colon; gnotobiotic calf No. 2. The follicle associated epithelium on the dome is composed of a homogeneous population of specialized cells with short, sparse microvilli (A) or microfolds (B). Bar = 10 !Lm. and distal CPP by light microscopy and acid phosphatase histochemistry. In contrast to our study, he found only domed villi covered with a homogeneous population of specialized cells, but he may not have sampled the most proximal part of the CPP. The mixture of domed villi detected in this study in the proximal CPP may indicate a transitional zone from DPP to CPP. Follicles in the distal ileum of the adult cow, persisting after the involution of the CPP, contained dome villi covered by an epithelium ofspecialized cells scattered or in clusters among absorptive cells; these specialized cells had identical characteristics to the homogeneous population of specialized cells covering domes in the CPP of the three calves.
The presence of propria nodules covered by follicle associated epithelium (FAE) and FAE in the lymphoglandular complexes in the large intestine confirmed previous studies.is-" Scanning electron microscopy and transmission electron microscopy demonstrated the absence of goblet cells in the FAE and the presence of specialized cells similar in appearance to M cells as described previously in the small intestine of calves. I?
The epithelium of the gut-associated lymphoid tissue (GALT) is similar in most species. Goblet cells are absent, and only one type of specialized cell, the M cell, has been recognized, distributed at random among absorptive enterocytes.'? The morphology of the luminal surface of these cells is variable: short, sparse microvilli or microfolds are seen. In cattle there is also variation in the distribution of the specialized cells in the epithelium ofthe GALT. They may occur as single cells or as groups distributed randomly among absorptive enterocytes or they may form the whole epithelium. The reason for this variation could be the existence of more than one type of specialized cell':' or, more probably, minor variation in one cell type. The surface morphology of individual cells varies at all sites; some cells are covered with microvilli and others with microfolds. Concentric peripheral folds are a feature when specialized cells form a homogeneous layer. Specialized cells of the FAE ofthe DPP and CPP contain small amounts of Mg-ATPase 14 and take up inert antigen; 14 these properties are also seen in the FAE of the large intestine of birds, rabbits and human beings,' and M cells of dogs, rodents, monkeys, and human beings."
Previously, the FAE of the CPP of ruminants was distinguished from the FAE of the DPP because it appeared to shed 50 nm particles." This study has shown that these particles are not unique to the CPP because they were also associated with the FAE ofboth the DPP and the large intestine.
The CPP of the ruminant is unique for four reasons: I) because of its structure.P-" 2) because of the lym-phocyte subsets it contains," 3) because it involutes with age, and 4) because lymphopoiesis is not stimulated by antigen." CPP has been proposed as a site of B-cell generation equivalent to the bursa of Fabricius in birds." In contrast, the DPP, cecal and colonic Peyer's patches, and propria nodules in the large intestine are enlarged in older animals and persist throughout the life of the animal," have a similar lymphocyte composition," which is different to that of the CPP, and develop typical germinal centers. The morphologic similarities suggest functional similarities, different from those of the CPP. Although the DPP and large intestinal GALT appear to have different functions from the CPP, they all have an FAE containing specialized cells either scattered or as a homogeneous layer. At all sites, the specialized cells have a variable luminal surface, enfold mononuclear leukocytes, and are associated with 50 nm particles. These similarities suggest that they are all M cells and have a similar role in the uptake and presentation of antigen to the underlying lymphoid tissue.
